Abstract-This letter deals with the optimization of the switch-on instants of the radio-frequency (RF) switches used for the synthesis of time-modulated linear arrays (TMLAs). It is shown that these additional degrees of freedom allow one to increase the stability of the pattern instantaneously radiated by the antenna. Representative results, obtained by means of a particle swarm (PS) optimization, are reported and discussed.
I. INTRODUCTION
T HE synthesis of time-modulated arrays considers the antenna elements equipped with a set of radio-frequency (RF) switches used to enforce a time-modulation to the static array excitations [1] . This technique has been first considered to radiate average low and ultra-low sidelobe patterns for radar applications [2] . Successively, time-modulated arrays have been proposed for wireless communication purposes (e.g., [3] ). More recently, some studies have been carried out to extend the range of application of the time modulation principles to other antenna synthesis problems, thus renewing the interest toward this topic. In [4] , the synthesis of difference patterns has been addressed, time-modulating a limited number of elements of a two-section array affording a sum pattern. A theoretical analysis and a successive experimental validation on the application of time modulation to the synthesis of adaptive absorbers have been discussed in [5] . Moreover, different switching strategies have been presented in [6] to show how it is possible to suitably control the radiation patterns at harmonic frequencies.
Besides several positive features, modulating the element excitations by means of a sequence of time pulses generates undesired harmonic radiations (the so-called sideband radiations (SRs) [7] ), which unavoidably affect the performance of timemodulated array antennas, thus limiting their practical applicability. To minimize the power losses in the SRs, effective approaches based on evolutionary algorithms have been proposed [8] - [11] . Concerning the applicability issues, a careful analysis has been carried out in [7] , where suitable conditions for information transmission, and not only radar detection, have been formalized, as well. This letter is aimed at further investigating the properties of time-modulated arrays by showing and discussing the results obtained when additional degrees of freedom are considered in the synthesis process. More specifically, the switch-on instants of the RF switches are set by means of a particle swarm (PS) [12] procedure to optimize the pulse sequence of the array element excitations. Starting from a synthesis problem dealing with time-averaged radiating performances, some hints on how the antenna instantaneously behaves are given. The outline of the letter is as follows. Section 2 gives the mathematical formulation of the problem at hand, and the synthesis procedure is described as well. A set of results is reported and discussed (Section 3) to point out some features of time-modulated arrays marginally considered so far. Eventually, some conclusions are drawn in Section 4.
II. MATHEMATICAL FORMULATION
The array factor of a time-modulated linear array (TMLA) of -elements located along the -axis can be expressed as [2] ( 1) where is the carrier angular frequency, is the th complex excitation coefficient, and is the position of the th element. Moreover, is the wavenumber of the background medium, is the speed of light in vacuum, and is the angular position with respect to the array axis. The static excitation coefficients, , , are time-modulated by applying RF switches to the input ports of the array elements. The th periodic rectangular function, , of period has a value equal to (i.e., the switch-on time) for a time-step of duration , such that , and to , are the switch-on and the switch-off instants of . Moreover, the condition holds true.
By expanding the periodic functions in terms of their Fourier series (2) where and , (1) can be rewritten as an infinite combination of components radiated at harmonic frequencies spaced by and centered at the carrier angular frequency [7] :
Dealing with isophoric arrays having , the average pattern at the carrier frequency is given by (4) 
where
. It is then possible to synthesize a nominal average pattern at the carrier frequency by means of a suitable choice of the , values [2] , [8] , [10] . On the other hand, the coefficients of the so-called sideband radiations are given by (5) and after simple mathematical manipulations, they turn out being expressed as (6) if and (7) if , respectively. As it can be observed in (6) and (7), the coefficients , are functions of the pulse durations , and of the switch-on instants, . Let us assume that the switch-on times are set to some suitable values , to afford a user-defined average pattern at (4) . With regards to the switch-on instants,
, they can be considered as additional degrees of freedom in order to optimize other properties of the antenna under analysis. For example, they are optimized by means of a PS-based strategy [12] to minimize the following functional: (8) aimed at quantifying the matching between the sideband level 1 of the actual solution, , and a desired level, . Moreover, , and is the Heaviside step function. Toward this end, a standard version of the PS, as that detailed in [13] , is used because of its reliability in dealing with real unknowns.
III. NUMERICAL RESULTS
In order to evaluate the performance of the array antenna when considering the optimization of the switch-on instants, a selected set of numerical results is reported to compare the arising patterns and their time-stability. The discussion is not focused on the analysis of the time-averaged performance, but it is devoted to point out the behavior of the radiated pattern at 1 The highest level of each hth harmonic pattern with respect to the peak value radiated at the carrier frequency. different instants within the modulating period , whether the pulse-shifting is present or not. In such a case, it is still possible to consider the classical pattern features (e.g., the maximum level of the secondary lobes, SLL, the main lobe beamwidth, BW, and the peak directivity, , [14] ) for an heuristic analysis of the antenna performances. As far as the PS procedure is concerned, a swarm of 10 particles have been used, and the control parameters have been set to (inertial weight) and (cognitive and social acceleration coefficients). The first experiment deals with an antenna array of elements equally spaced of . Time modulation is used to synthesize at the central frequency,
, an average pattern equal to a Dolph-Chebyshev pattern with dB. According to the result in [6] , the time pulses have been chosen to start coherently (i.e., ), and the values of the normalized switch-on times have been set to the values , computed as in [15] and reported in Table I , where, for symmetry, only half-array is considered. The power losses due to the SRs [7] of such an arrangement amount to 24.2% of the total input power.
Regarding the antenna behavior in correspondence with fractions of the modulating period , the directivity patterns radiated at are shown in Fig. 1 , where the switch insertion loss present in actual feed networks is neglected. As expected, the instantaneous patterns differ from the Dolph-Chebyshev one, and the antenna performances depend on the number of active elements at the sampling instant. With reference to Fig. 1 , it can be noticed that starting from , when all the array elements are turned on, the efficiency of the array gets lower and lower since the elements are successively switched off. Such a monotonically decreasing behavior can be avoided by optimizing the switch-on instants, , , and keeping the pulse durations fixed to those of the Chebyshev distribution . The PS-optimized values of , are given in Table I . Thanks to this operation, the number of switched-on elements at each instant of is kept almost constant as well as the radiated patterns (Fig. 2) . Such an event is further confirmed by the behavior of the pattern indexes in Fig. 3(a) and (b) and related to , and BW throughout the modulation period, respectively. For completeness, the statistics (minimum, maximum, mean values, and variance) of the data in Fig. 3 are reported in Table II . Although the maximum available directivity (i.e., dB) is never achieved when using the pulse-shifting approach, it is worth noticing that the mean value is greater than that of the original case dB versus dB) and, more importantly, the directivity value is much more stable dB versus dB). Differently, the DC solution starts at from a maximum value of the directivity, dB, while only the two central elements are "on" at when the minimum value of directivity is obtained, dB. Similar conclusions arise from the analysis of the behavior of both the SLL and the BW [ Fig. 3(b) and Table II] . It is worth pointing out that the mean value and variance of the SLL of the DC solution cannot be computed when (i.e., because of the absence of secondary lobes. For completeness and in order to have some insights on the effects of mutual coupling (MC) interferences on the antenna aperture, the pattern obtained with the PS configuration at for an array of dipoles of radius is reported in Fig. 4 . The MC has been evaluated by considering two different impedance conditions (i.e., the perfect matching and the open-circuit conditions) for the elements that are off.
In the second experiment, the same synthesis problem dealt with in [10] by means of an approach based on simulated annealing (SA) has been considered. A uniform linear array of elements spaced of is considered, where only nine elements of the whole architecture are time-modulated. Analogously to the previous example, the durations of the time pulses have been set to those in [10] (i.e., and given in Table I . In this case, the percentage of power losses due to SR is 3.9%. Once again, notwithstanding the reduced number of time-controlled elements, the plots in Fig. 5 and the statistics in Table III assess that the optimization of the switch-on instants (Table I) can be profitably exploited to keep the characteristics of the radiated pattern more stable during the modulation period .
IV. CONCLUSION
In this letter, the effects of the optimization of the switch-on instants in time-modulated linear arrays have been analyzed and discussed. It has been shown that such an additional control positively affects the instantaneous performance of the radiation pattern. A set of results obtained through a PS-based technique has been reported to support such a conclusion. Starting from this preliminary study, further investigations will regard the analysis of time-modulated arrays when dealing with more realistic scenarios and the presence of interference signals.
